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Objective: Interactions between chondrocytes and their native pericellular matrix provide optimal cir-
cumstances for regeneration of cartilage. However, cartilage diseases such as osteoarthritis change the
pericellular matrix, causing doubt to them as a cell source for autologous cell therapy.
Methods: Chondrons and chondrocytes were isolated from stiﬂe joints of goats in which cartilage
damage was surgically induced in the right knee. After 4 weeks of regeneration culture, DNA content and
proteoglycan and collagen content and release were determined.
Results: The cartilage regenerated by chondrons isolated from the damaged joint contained less pro-
teoglycans and collagen compared to chondrons from the same harvest site in the nonoperated knee
(P < 0.01). Besides, chondrons still reﬂected whether they were isolated from a damaged joint, even if
they where isolated from the opposing or adjacent condyle. Although chondrocytes did not reﬂect this
diseased status of the joint, chondrons always outperformed chondrocytes, even when isolated from the
damaged joints (P < 0.0001). Besides increased cartilage production, the chondrons showed less colla-
genase activity compared to the chondrocytes.
Conclusion: Chondrons still outperform chondrocytes when they were isolated from a damaged joint and
they might be a superior cell source for articular cartilage repair and cell-induced cartilage formation.
© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Hyaline articular cartilage is a highly specialized tissue, which
lines the bones within synovial joints such as the knee. It allows for
smooth movement and is able to withstand compressive and shear
forces and distribute them onto the subchondral bone1e3. Cartilage
consists of an extracellular matrix (ECM) and a relatively small
number of cells i.e., chondrocytes. This ECM is primarily composed
of collagens (mainly type II collagen), proteoglycans, glycosami-
noglycans, and glycoproteins4.
When injured, articular cartilage has a limited potential of
endogenous repair. Due to this characteristic, especially in weight
bearing areas, damage results in an on-going process of progressive: L.A. Vonk, Department of
Box 85090, 3584 CX Utrecht,
).
ternational. Published by Elsevier Ltissue damage. Untreated cartilage defects eventually lead to
osteoarthritis1e3,5.
Currently, autologous chondrocyte implantation (ACI) is
increasingly being considered the standard of care for larger
cartilage lesions5,6. In an ACI procedure, chondrocytes are tradi-
tionally harvested from a non-load bearing site in the affected knee
during an arthroscopy. The chondrocytes are released from the
matrix by enzymatic digestion, expanded and subsequently
implanted in the focal cartilage defect. Although new tissue is
formed in the defect and clinical results appear to be good, the
quality of the regenerated tissue leaves room for improvement7,8.
The repair site often contains ﬁbrocartilaginous tissue, which is
inferior to hyaline cartilage. This ﬁbrous tissue has suboptimal
mechanical properties compared to hyaline cartilage and is there-
fore more prone to degeneration.
Several studies have shown that chondrons produce cartilage of
better hyaline quality as compared to fully isolated chondrocytes
in vitro. Chondrons are deﬁned as chondrocytes with theirtd. All rights reserved.
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tively high levels of type VI collagen compared to the interchon-
dron ECM, but also contains type II, III, IX and XI collagen,
hyaluronan, proteoglycans, glycosaminoglycans and
glycoproteins12e18.
It has been hypothesized that the profound interactions be-
tween chondrocytes and their native pericellular matrix provides a
more favorable condition for cartilage matrix production, than
chondrocytes without such a cell-matrix interaction11. In addition,
it has been shown that the pericellular matrix protects chon-
drocytes from collagen-induced collagenase (MMP13) expression,
an enzyme that can efﬁciently degrade collagen from the cartilage
ECM, and thus leads to matrix collagen degradation19,20. From that
point of view, it would be preferable to use chondrocytes with their
pericellular matrix (chondrons) for cartilage repair instead of fully
isolated chondrocytes.
Recently, there has been considerable debate on the optimal
location to harvest cells for an ACI. Where it is not ideal to harvest
from intact tissue as performed now, it may be that the affected
cartilage from the rim of a defect has different regenerative ca-
pacities21. Besides, changes in the pericellular matrix have been
suggested to represent one of the earliest identiﬁable matrix
changes associated with cartilage diseases20,22e26. This would
contra-indicate the use of chondrons from affected cartilage for
articular repair strategies. Hence, the question is whether chon-
drons from damaged articular cartilage are still able to outperform
isolated chondrocytes from these areas and maybe even from
healthy areas.
In this study, we investigated whether chondrons obtained from
damaged articular cartilage still have a higher regenerative capacity
when compared to chondrocytes without their pericellular matrix.
Chondrons and chondrocytes were isolated from cartilage of the
stiﬂe joints of goats 20 weeks after surgical induction of cartilage
damage of the medial femoral condyle of the right knee (according
to the Groove model)27e29. The left knee was left untouched.
Chondrons and chondrocytes isolated from different locations
(affected and non-affected) were compared.
Materials and methods
Animals and model
Nine skeletally mature milk goats (72.9 ± 2.9 kg, age 2.3 ± 0.2
years, all female) were obtained from a commercial Dutch breeder.
During the entire experiment the animals were housed in two
groups of four and ﬁve animals each and were allowed to walk
freely in pens of approximately 20 square meters. There were no
dietary restrictions and the goats had access to water ad libitum.
The Utrecht University Medical Ethical Committee for animal
studies approved the experiment (DEC2009.III.01.002). After a few
weeks of acclimation, cartilage damage was introduced on the
medial femoral condyle of the right stiﬂe joints according to the
Groove model27e29. Under general anesthesia, surgery was per-
formed through a 3e5 cm medial incision close to the ligamentum
patellae. Cartilage of the weight bearing area of the medial femoral
condyle was surgically damaged. A maximum of 10 diagonal and
longitudinal grooves were made with a K-wire that was bended at
0.4 mm of the sharp triangular tip, preventing damage of the un-
derlying subchondral bone. Grooves were made under visual con-
trol in utmost ﬂexion of the knee assuring no harmwas done to the
opposing tibial plateau. Afterwards, the synovial tissue, joint
capsule and skin were sutured separately according to their
anatomical layers. Pain medication and antibiotics were supplied
until 3days post-operatively. One day postoperative, all animals
were fully active and showed normal behavior. The contralateralstiﬂe joints were left untouched and served as paired inter-articular
controls. Twenty weeks (5 months) later the goats were euthanized
and both hind limbs amputated. By scoring stained sections30 ac-
cording to the Osteoarthritis Research Society International (OARSI)
criteria31, it was veriﬁed that the medial femoral condyle of the
right knee showed clear signs of cartilage damage and the opposing
tibial plateau showed less severe damage, while both the lateral
compartments and non-operated knees showed no damage32.
Isolation and culture of cells
Directly after removal of both hind limbs from the goats, the
joints were opened under laminar ﬂow conditions and full thick-
ness cartilage samples, excluding the underlying bone, were taken
from predeﬁned locations. Articular cartilage samples were taken
from the medial femoral condyles of both legs, lateral femoral
condyles of both legs, medial sides of the tibial plateaus of both legs
and lateral sides of the tibial plateaus. Samples from the respective
joint locations were analyzed separately. Subsequently, one half
from each location (randomly taken) was used for chondrocyte
isolation and the other half for chondron isolation.
For chondrocyte isolation, the tissue fragments were subjected
to sequential treatments of Dulbecco's modiﬁed Eagle's medium
(DMEM, Gibco, Paisley, UK) supplemented with 1% fetal bovine
serum (FBS, HyClone, Logan, UT), 100 U/ml penicillin, 100 mg/ml
streptomycin (all from Gibco) and 2.5% (w/v) Pronase E (Sigma, St.
Louis, MO) for 1 h, then with DMEM supplemented with 25% FBS,
100 U/ml penicillin, 100 mg/ml streptomycin and 0.125% (w/v)
collagenase (CLS-2, Worthington, Lakewood, NJ) for 16 h at 37C.
For chondron isolation, minced cartilage was digested with 0.3%
(w/v) dispase (Gibco) plus 0.2% (w/v) collagenase in phosphate
buffered saline (PBS, Gibco) supplemented with 100 U/ml penicillin
and 100 mg/ml streptomycin for 5 h at 37C33.
The cells were ﬁltered through a 100 mm cell strainer (BD Bio-
sciences, San Diego, CA) and washed. The cells that were not
directly processed for analysis were seeded at a density of
1.6  106 cells/cm2 on Millicell ﬁlters (0.4 mm polytetraﬂuoro-
ethylene (PFTE) (Millipore, Bedford MA)) that were precoated with
type II collagen (type II collagen from chicken sternal cartilage
(Sigma))34,35. The ﬁlters were cultured in DMEM supplemented
with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin and
50 mg/ml ascorbate-2-phosphate (Sigma).
Cultures were incubated at 37C in 5% CO2 and culture media
were renewed every 3 days.
Pericellular matrix staining
Cytospin slides were prepared using freshly harvested chon-
drons and chondrocytes by cytocentrifugation (500 rpm, 5 min)
(Thermo Fisher Scientiﬁc Inc., Waltham, MA) and ﬁxed for 30 min
with a 4% buffered formaldehyde solution. The cytospins were
stained using Safranin O-fast green30.
Papain digestion
After 4 weeks of culture, samples were digested at 60C for 18 h
in a papain enzyme solution consisting of 5 mM L-cysteine, 50 mM
Na2EDTA, 0.1 M NaAc, pH 5.53 with 2% (v/v) papain (Sigma).
Proteoglycan analysis
To analyze the proteoglycan content of the regenerated cartilage
tissue, a dimethylmethylene blue (DMMB) spectrophotometric
analysis was performed36. The papain digest or medium sample
was mixed with the DMMB solution and the absorbance was read
Fig. 1. Safranin-O staining of the pericellular matrix of isolated chondrons (A) and chondrocytes (B). Magniﬁcation 200.
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was used. Total proteoglycan was deﬁned as the amount of pro-
teoglycans found in the papain digest and the total amount of
proteoglycans released into the culture medium.DNA analysis
Total DNA was quantiﬁed in papain digest using Quant-iT
Picogreen (Invitrogen) according to the manufacturer's in-
structions. Picogreen reagens was added to papain digest. This was
incubated at ambient temperature for 5 min, protected from light.
The ﬂuorescencewasmeasured at ~480 nm excitation and ~520 nm
emission and DNA content determined using lambda DNA as
standard.Collagen analysis
To analyze the collagen content, hydroxyproline content was
determined in papain digest or medium samples using a modiﬁed
colorimetric assay37. In short, freeze-dried papaine digests or me-
dium samples were hydrolyzed and the free hydroxyprolines were
oxidized with Chloramine-T for the production of pyrroles. The
addition of Ehrlich's reagent resulted in the formation of chromo-
phores that were measured at 550 nm and collagen content was
determined using gelatin as standard. The total amount of collagens
is deﬁned as the amount of collagens found in the papain digest and
the amount of collagens released into the culture medium.Collagenase activity assay
To analyze collagenase activity, the Enzcheck Gelatinase/Colla-
genase Assay Kit (Invitrogen) was used according to the manufac-
turer's instructions. DQ Collagen Fluorescein conjugate was added
to 100 times in reaction buffer (kit component) diluted conditioned
medium. This was incubated for 4 h at ambient temperature, pro-
tected from light. The ﬂuorescence was measured at ~480 nm
excitation and ~520 nm emission and collagenase activity was
determined using collagenase type IV from Clostridium histo-
lyticum (kit component) as standard.Fig. 2. Regeneration cultures containing chondrons and chondrocytes isolated from
the medial and lateral condyles from a grooved right and non-operated left knee from
the femoral and tibial plateaus of nine goats were digested and analyzed for proteo-
glycan (determined as glycosaminoglycans, normalized for DNA) and collagen content
(determined as hydroxyproline, normalized for DNA), and total amount of pro-
teoglycans and collagen. Results are presented as the mean ± 95% CI of the ratio of the
amount of chondrons vs chondrocytes. Per harvest location8 from each goat9, the
amount of the chondrons was divided by the amount of the chondrocytes before
calculating the mean, resulting in N ¼ 72. *: P ¼ 0.020; ***: P < 0.0001. Absolute values
of the various harvest locations can be found in Table I.Statistical analysis
Data are expressed as mean ± 95% conﬁdence interval (CI). Data
were analyzed statistically using SPSS version 22.0.0. Normal dis-
tribution of the data was veriﬁed by plotting a frequency distri-
bution histogram and a ShapiroeWilk test. Differences were tested
by a repeated-measures analysis of variance (ANOVA).Differences in ratios were tested with a paired Student's t test
after log transformation (correction for skewing).
Results
Pericellular matrix staining
To verify how much pericellular matrix was left after the
chondrocyte and chondron isolation, a safranin-O staining was
performed on cytospins made of the isolated cells. The chondrons
showed a clear green staining around the cells [Fig. 1(A)], indicating
the presence of collagen pericellularly. The chondrocytes isolated
from the articular cartilage showed no clear staining around the
cells [Fig. 1(B)].
Chondrons produce tissue with a higher proteoglycan and collagen
content
The tissue that was produced by the chondrons over a period of
4 weeks in culture contained signiﬁcantly more proteoglycans and
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(Fig. 2). Also the total amount of proteoglycans produced, adding up
proteoglycans released in the medium to those retained in the
tissue, and likewise the total amount of collagen produced by the
chondrons was higher compared to the chondrocytes (Fig. 2).
Chondrons reﬂect whether they were isolated from a healthy or
damaged joint
The matrix that was produced by the chondrons isolated from
the surgically damaged location, the medial femoral condyle of the
right knee, contained less proteoglycans and collagen compared to
the chondrons isolated from the same location in the left knee
[Fig. 3(A) and (B)]. Chondrons from the surgically untouched lateral
femoral condyle of the right knee produced more proteoglycans
and collagen compared to the ‘grooved’ medial femoral surface
chondrons, but less compared to the chondrons from the lateralFig. 3. Regeneration cultures containing chondrons and chondrocytes isolated from
the medial and lateral condyles from an grooved right and non-operated left knee from
the femoral condyles were digested and analyzed for proteoglycan content (A, deter-
mined as glycosaminoglycans, normalized for DNA) and collagen content (B, deter-
mined as hydroxyproline, normalized for DNA). Data are shown as mean ± 95% CI.
N ¼ 9. *: P < 0.05; **: P < 0.01; ***: P < 0.001; b: P < 0.01 compared to chondrocytes; a:
P < 0.001 compared to chondrocytes.femoral condyle of the nonoperated left knee [Fig. 3(A) and (B)]. For
chondrocytes, no differences were observed in proteoglycan and
collagen content between the different locations from the femoral
condyle including the grooved and the non-operated knee
[Fig. 3(A) and (B)].
Tissue regenerated by chondrons from the damaged medial
femoral surface of the right knee contained more proteoglycans
(P ¼ 0.009) and collagen (P ¼ 0.034) compared to tissue from
chondrocytes from the medial femoral surface of the left knee. The
proteoglycan content of the produced tissue was higher for the
chondrons from the damaged location compared to chondrocytes
from a healthy location (P ¼ 0.002), but no differences in collagen
content were observed (P ¼ 0.313) [Fig. 3(A) and (B), Table I].
For the opposing tibial plateau, the same pattern was observed
(Table I); the proteoglycan (P ¼ 0.0005) and collagen content
(P ¼ 0.004) of chondron-derived tissues was higher for the non-
operated left knee compared to the operated right knee. In addi-
tion, proteoglycan and collagen content from tissue produced by
chondrons isolated from the lateral condyle were higher compared
to those from the medial condyle (P ¼ 0.029 and P ¼ 0.024), while
chondrocytes showed no differences at all between harvest
locations.Collagen release is higher by chondrocytes
Collagenase activity and collagen release was higher in the
culture medium of the chondrocytes compared to that of the
chondrons [Fig. 4(A) and (B)]. For the various compartments, no
differences were found in the collagenase activity in the chon-
drocyte medium. However, the activity was higher in the chon-
drocyte culture medium from the femoral condyles compared to
that of the tibial plateau (P < 0.0001) (Table I). Only the culture
medium of the chondrons that were isolated from the damaged
location on the medial femoral condyle of the right knee showed
higher collagenase activity compared to the other locations
[Fig. 4(A)], albeit lower than that of the chondrocytes from the same
location.
The collagen release into the culture medium shows the same
pattern as the collagenase activity in the culture medium [Fig. 4(B)].
The collagen assay measures both intact collagen as well as
degraded collagen fragments. The amount of collagen released into
the culture medium of the chondrocytes was higher compared to
the amount found in the medium of the chondrons. However, the
culture medium of the chondrons from the damaged location on
the medial femoral condyle of the right knee revealed a higher
collagen release compared to the other locations [Fig. 4(B)].
No differences in proteoglycan release into the culture medium
were found (Table I).Differences between harvest locations independent of cartilage
damage
The matrix produced by the chondrons contained more pro-
teoglycans and collagen when the chondrons were isolated from
a lateral condyle compared to a medial condyle [Fig. 5(A)]. This
also goes for the total amounts of proteoglycan and collagen
[Fig. 5(A)]. No differences were found between proteoglycan and
collagen content, neither in total proteoglycan and collagen, by
chondrocytes isolated from a lateral or medial condyle
[Fig. 5(A)].
For tissue produced by chondrons and chondrocytes, the pro-
teoglycan and collagen content, and the total amount of proteo-
glycan and collagen was higher when they were isolated from a
femoral plateau compared to a tibial plateau [Fig. 5(B)].
Table I
Absolute values of proteoglycan, collagen and collagenase measurements normalized for DNA
PG content PG release Total PG Col content Col release Total Col CLG activity
Mean ± 95% CI Mean ± 95% CI Mean ± 95% CI Mean ± 95% CI Mean ± 95% CI Mean ± 95% CI Mean ± 95% CI
Chondrons Femur Medial Right 4.78 ± 1.05 8.01 ± 1.62 12.79 ± 2.56 2.64 ± 0.93 8.69 ± 1.41 11.33 ± 1.99 0.29 ± 0.09
Left 7.82 ± 1.48 6.48 ± 1.04 14.30 ± 1.68 7.09 ± 2.02 5.07 ± 0.75 12.16 ± 2.18 0.16 ± 0.08
Lateral Right 7.24 ± 1.25 8.06 ± 1.07 15.29 ± 2.01 4.98 ± 1.25 5.50 ± 0.64 10.48 ± 1.84 0.15 ± 0.05
Left 10.30 ± 1.56 7.04 ± 1.33 17.34 ± 2.48 9.86 ± 1.53 5.51 ± 0.86 15.37 ± 2.32 0.16 ± 0.06
Tibia Medial Right 1.98 ± 0.31 4.64 ± 0.38 6.61 ± 0.51 0.37 ± 0.25 0.70 ± 0.13 1.06 ± 0.25 0.05 ± 0.01
Left 3.13 ± 0.35 4.17 ± 0.49 7.30 ± 0.77 1.01 ± 0.29 0.82 ± 0.13 1.83 ± 0.36 0.06 ± 0.01
Lateral Right 2.59 ± 0.56 4.07 ± 0.71 6.66 ± 1.05 0.63 ± 0.36 0.70 ± 0.26 1.33 ± 0.46 0.05 ± 0.02
Left 3.91 ± 0.98 4.05 ± 0.72 7.96 ± 1.23 1.53 ± 0.48 0.83 ± 0.28 2.36 ± 0.58 0.05 ± 0.02
Chondrocytes Femur Medial Right 2.39 ± 0.67 7.07 ± 1.44 9.47 ± 1.60 2.11 ± 0.74 11.81 ± 1.20 13.93 ± 1.90 0.50 ± 0.09
Left 2.30 ± 0.56 6.41 ± 1.13 8.71 ± 1.07 2.15 ± 0.65 12.40 ± 1.48 14.55 ± 2.05 0.50 ± 0.10
Lateral Right 2.30 ± 0.57 6.65 ± 1.48 8.95 ± 1.25 2.18 ± 0.59 13.54 ± 0.84 15.71 ± 1.35 0.53 ± 0.15
Left 2.27 ± 0.52 6.13 ± 1.43 8.40 ± 1.45 2.07 ± 0.64 12.89 ± 1.24 14.96 ± 1.82 0.52 ± 0.15
Tibia Medial Right 1.38 ± 0.33 3.31 ± 0.88 4.69 ± 1.06 0.22 ± 0.07 1.74 ± 0.60 1.96 ± 0.67 0.09 ± 0.05
Left 1.49 ± 0.32 3.36 ± 0.85 4.86 ± 1.06 0.24 ± 0.10 1.42 ± 0.22 1.67 ± 0.23 0.08 ± 0.01
Lateral Right 1.41 ± 0.45 3.31 ± 0.80 4.71 ± 1.06 0.26 ± 0.14 1.62 ± 0.33 1.88 ± 0.45 0.09 ± 0.04
Left 1.39 ± 0.47 3.39 ± 1.19 4.78 ± 1.34 0.24 ± 0.07 1.64 ± 0.32 1.88 ± 0.38 0.08 ± 0.01
PG: proteoglycan; Col: collagen; CLG: collagenase.
Fig. 4. Collagenase activity (A) and collagen released (B, determined as hydroxypro-
line, normalized for DNA) in the culture medium of regeneration cultures containing
chondrons and chondrocytes isolated from the medial and lateral femoral condyles
from an grooved right and non-operated left knee were measured. Data are shown as
mean ± 95% CI. N ¼ 9. *: P < 0.05; **: P < 0.01; c: P < 0.05 compared to chondrocytes; b:
P < 0.01 compared to chondrocytes; a: P < 0.001 compared to chondrocytes.
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In this study we have shown that chondrons perform better in
hyaline cartilage production on a cell-by-cell basis in vitro
compared to chondrocytes, even when they are isolated from
damaged cartilage. Chondrons isolated from damaged cartilage
were even shown to perform better compared to chondrocytes
isolated from healthy cartilage. It was already known from previous
studies that chondrons produce better hyaline cartilage compared
to chondrocytes9e11. However, this is the ﬁrst study that also
demonstrates superior regeneration for chondrons isolated from
affected cartilage. Since many, if not all joints treated by ACI have
some form of disturbed joint homeostasis5,38, an improved regen-
erative capacity under these conditions may improve outcome.
The present study is part of a research line that focuses on
developing a one-stage ACI in which primary, and not cultured,
chondrocytes are used, whether or not co-implanted with off-the-
shelf allogeneic mesenchymal stromal cells5. From our present
study, it seems that for such an approach chondrons may outper-
form primary chondrocytes harvested from non-weightbearing
locations, and conﬁrms that damaged (debrided) tissue can be
used.
However, tissue production by chondrons does reﬂect whether
theywere isolated from the grooved or the non-operated knee. This
was not only the case for the chondrons isolated from the grooved
location on the medial condyle of the right knee, but also for
chondrons from the other locations of the operated right knee.
Notwithstanding, the regenerative capacity of chondrons iso-
lated from damaged areas was less than from none-damaged areas.
In this respect, inferior regenerative capacity will be the result of
the disturbed tissue homeostasis of these damaged areas5,38. It is
striking however, that this was only reﬂected by the chondrons and
not by the chondrocytes, suggesting the pericellular matrix plays an
important role in this impaired activity. One of the roles of the
pericellular matrix is to function as a storage unit for newly formed
proteins15e17. In disturbed tissue homeostasis, the expression of
cytokines and cartilage degrading enzymes is altered5,38. The per-
icellular matrix of chondrons isolated from the damaged cartilage
locations may still contain these cytokines and enzymes, which
subsequently affected the ex vivo cultures. Changes to the peri-
cellular matrix itself20,22e26 might have also altered the cartilage
metabolism in vitro.
The differences found in the proteoglycan content of the re-
generated tissue are due to differences in proteoglycan production,
Fig. 5. Regeneration cultures containing chondrons and chondrocytes isolated from
the medial and lateral condyles from a grooved right and non-operated left knee from
the femoral and tibial plateaus of nine goats were digested and analyzed for proteo-
glycan (determined as glycosaminoglycans, normalized for DNA) and collagen content
(determined as hydroxyproline, normalized for DNA), and total amount of pro-
teoglycans and collagen. Results are presented as the mean ± 95% CI of the ratio of the
amount of the lateral locations vs tibial locations (A) and femoral vs tibial plateaus (B).
Per harvest location4 from each goat9, the amount of the lateral locations was divided
by the amount of medial locations (A) and the amount of the femoral condyles was
divided by the amount of the opposing tibial plateaus (B) before calculating the mean,
resulting in N ¼ 36. *: P < 0.0001. Absolute values of the various locations can be found
in Table I.
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differences were observed in the proteoglycan release, it is likely
that grooving the cartilage surface has no effect on chondrocyte
mediated proteoglycan degradation, at least not when cells are
isolated from this cartilage and cultured in vitro. In vivo, the damage
demonstrated enhanced proteoglycan release, which might be
directed by mechanical and cellular processes32. When chondrons
are isolated from a damaged joint, such as in the grooved cartilage
surface model used here27e29, the total proteoglycan production islower compared to isolation from a healthy joint. However, this
production remains higher than that of chondrocytes.
For collagen, differences were found in production and collagen
release between chondrocytes and chondrons and between the
various harvest locations. The initial amounts of collagen and
proteoglycan of chondrons and chondrocytes at the time of seeding
were not taken into account in this study as it has been shown that
for up to 4 million cells, no differences in the amounts of collagen
and proteoglycans can be detected9e11. Here, the initial seeding
density was 720,000 chondrons or chondrocytes per collagen
coated ﬁlter. The ﬁlters were coated with 3.125 mg type II collagen
and unfortunately it was not possible to discriminate between the
collagen used for the coating and the collagen produced by the
cells. However, the lowest amount of tissue collagen (uncorrected
for DNA) found in the cultures was 25 mg. So although we cannot
distinguish between total collagen produced and collagen coating,
more than 85% of the total collagen was produced by the cells.
The relatively high collagenase activity measured in the culture
medium of the chondrocytes is reﬂected by the relatively high
collagen release into the culture medium. This was also showed for
chondrons isolated from the grooved location on the medial
condyle of the right knee, suggesting that grooving has an effect on
collagenase activity. However, this phenomenon was not seen in
the cultures of the chondrons from the other locations of the
grooved right knee.
That in general, chondrons show a lower collagenase activity
than chondrocytes can be explained by the ﬁnding that pericellular
matrix prevents collagen-induced collagen degradation by pro-
tecting against recognition by the integrin alpha 1 and discoidin
domain receptor 219,20. In line with this we found that the chon-
drocytes released more collagen in the culture medium and had a
higher collagenase activity. Although chondrons reﬂected whether
they were isolated from the grooved location or not, they do
outperform chondrocytes in terms of cartilage production.
Next to being isolated from normal or damaged cartilage,
chondrons also display a difference between isolation from the
medial and the lateral portions. Again, the proteoglycan and
collagen contents were higher for the chondrons isolated from the
lateral locations compared to the medial ones. However, this dif-
ference was not reﬂected by the collagenase activity and the pro-
teoglycan and collagen release. It is unknown why this difference
between the lateral and medial location is observed. As most
studies performed with chondrocytes and chondrocytes do not
look at the harvest site, this phenomenon may not have been
observed previously. It is known that, just as bone and muscle,
cartilage adapts to mechanical loading. Excessive or low mechani-
cal loading decreases proteoglycan and collagen content of carti-
lage, whereas moderate mechanical loading can strengthen the
cartilaginous tissue39e41. In ovine knee joints, the medial-lateral
load distribution across the tibial condyles is approximately 75%
on themedial condyle42. Given the anatomical characteristics of the
ovine and goat knee joint, it is likely that in goats, there is also
predominantly medial loading. The cell cultures in the current
studywere not loaded at all. Since the biomechanical load inmedial
compartments is higher in vivo, the chondronsmay have responded
stronger to the absence of loading compared to the chondrons from
the lateral compartments, resulting in lower proteoglycan and
collagen content. In line with this, the chondrons from the tibial
locations might also have responded stronger to the absence of
loading compared to the femoral chondrons as in vivo, at least in
humans, the compression is higher and more constant in tibial
cartilage43,44. This suggests that for in vitro tissue engineering
purposes, chondrons should preferably be isolated from the lateral
femoral condyle. For transplantation purposes it is hard to predict,
since in vivo mechanical loading is present. It might be worth to
L.A. Vonk et al. / Osteoarthritis and Cartilage 22 (2014) 1910e19171916investigate in vitro cartilage formation by isolated chondrons from
surgically induced cartilage damage to the lateral condyle with or
without mechanical loading.
Since chondrons outperform chondrocytes, they seem the
preferred cells for a cell-based cartilage repair treatment. However,
the number of cells that can be obtained remains a challenge. In
fact, it seems impossible to expand chondrons because they will
lose their pericellular matrix, thus becoming chondrocytes. The
newer generation of ACI uses a three-dimensional matrix to assist
the implantation of expanded chondrocytes5,45. A single-step pro-
cedure in which isolated cells are used immediately after isolation
would be more desirable, also with respect to the burden to the
patient. Still, the number of chondrons that can be isolated seems to
be the limiting factor. A possible approach to overcome this chal-
lenge would be mixing chondrogenic cells such as chondrons with
cells with multilineage potential5,46,47. The ﬁrst as such clinical trial
has recently been started; the IMPACT trial (NCT 02037204, www.
clinicaltrials.gov) uses autologous chondrons derived from carti-
lage harvested from the defect rim combined with allogeneic
mesenchymal stromal cells5.
In conclusion, although chondrons that were isolated from
damaged cartilage show more catabolic and less anabolic activities
compared to chondrons from healthy cartilage, they still outper-
form chondrocytes isolated from healthy areas.
Author contributions
Conception and design: LV, LC, DS.
Goat surgeries: FL, SM.
Collection and assembly of data: LV, TW, AK, MB.
Analysis and interpretation of the data: LV, TW, LC, DS.
Drafting of the article and reviewing: LV, TW, WD, FL, LC, DS.
Final approval of submitted version: LV, TW, AK,MB, SM,WD, FL,
LC, DS.Role of funding source
The funding source had no role in study design, collection, analysis
or interpretation of data, inwriting themanuscript or in submitting
the manuscript.
Conﬂict of interest
The authors declare that they have no competing interests.
Acknowledgments
This research forms part of the project #SSM06004 Trans-
lational Regenerative Medicine of the research program SmartMix,
co-funded by the Dutch Ministry of Economic Affairs, Agriculture
and Innovation. L.B. Creemers is funded by the Dutch Arthritis As-
sociation. D.B.F. Saris receives trial support from Sanoﬁ/Genzyme
and consultancy and teaching fees from Tigenix and Smith &
Nephew.
References
1. Goldring MB, Goldring SR. Osteoarthritis. J Cell Physiol
2007;13:626e34.
2. Temenoff JS, Mikos AG. Review: tissue engineering for regen-
eration of articular cartilage. Biomaterials 2000;21:431e40.
3. Nesic D, Whiteside R, Brittberg M, Wendt D, Martin I, Mainil-
Varlet P. Cartilage tissue engineering for degenerative joint
disease. Adv Drug Deliv Rev 2006;58:300e22.
4. Aigner T, St€ove J. Collagens e major component of the physi-
ological cartilage matrix, major target of cartilagedegeneration, major tool in cartilage repair. Adv Drug Deliv
Rev 2003;55:1569e93.
5. Mastbergen SC, Saris DB, Lafeber FP. Functional articular
cartilage repair: here, near, or is the best approach not yet
clear? Nat Rev Rheumatol 2013;9:277e90.
6. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O,
Peterson L. Treatment of deep cartilage defects in the knee
with autologous chondrocyte transplantation. N Engl J Med
1994;331:889e95.
7. LaPrade RF, Bursch LS, Olson EJ, Havlas V, Carlson CS. Histo-
logic and immunohistochemical characteristics of failed
articular cartilage resurfacing procedures for osteochondritis
of the knee: a case series. Am J Sports Med 2008;36:360e8.
8. Gikas PD, Morris T, Carrington R, Skinner J, Bentley G, Briggs T.
A correlation between the timing of biopsy after autologous
chondrocyte implantation and the histological appearance.
J Bone Joint Surg Br 2009;91:1172e7.
9. Larson CM, Kelley SS, Blackwood AD, Banes AJ, Lee GM.
Retention of the native chondrocyte pericellular matrix results
in signiﬁcantly improved matrix production. Matrix Biol
2002;21:349e59.
10. Graff RD, Kelley SS, Lee GM. Role of pericellular matrix in
development of a mechanically functional neocartilage. Bio-
technol Bioeng 2003;82:457e64.
11. Vonk LA, Doulabi BZ, Huang C, Helder MN, Everts V, Bank RA.
Preservation of the chondrocyte's pericellular matrix improves
cell-induced cartilage formation. J Cell Biochem 2010;110:
260e71.
12. Hagg R, Bruckner P, Hedbom E. Cartilage ﬁbrils of mammals
are biochemically heterogeneous: differential distribution of
decorin and collagen IX. J Cell Biol 1998;142:285e94.
13. Keene DR, Engvall E, Glanville RW. Ultrastructure of type VI
collagen in human skin and cartilage suggests an anchoring
function for this ﬁlamentous network. J Cell Biol 1998;107:
1995e2006.
14. Poole CA, Wotton SF, Duance VC. Localization of type IX
collagen in chondrons isolated from porcine articular cartilage
and rat chondrosarcoma. Histochem J 1988;20:567e74.
15. Poole CA, Honda T, Skinner SJ, Schoﬁeld JR, Hyde KF, Shinkai H.
Chondrons from articular cartilage (II): analysis of the gly-
cosaminoglycans in the cellular microenvironment of isolated
canine chondrons. Connect Tissue Res 1990;24:319e30.
16. Poole CA, Glant TT, Schoﬁeld JR. Chondrons from articular
cartilage (IV): immunolocalization of proteoglycan epitopes in
isolated canine tibial chondrons. J Histochem Cytochem
1991;39:1175e87.
17. Poole CA, Ayad S, Gilbert RT. Chondrons from articular carti-
lage V. Immunohistochemical evaluation of type VI collagen
organisation in isolated chondrons by light, confocal and
electron microscopy. J Cell Sci 1992;103:1101e10.
18. Wotton SF, Duance VC. Type III collagen in normal human
articular cartilage. Histochem J 1994;26:412e6.
19. Vonk LA, Doulabi BZ, Huang C, Helder MN, Everts V, Bank RA.
Collagen-induced expression of collagenase-3 by primary
chondrocytes is mediated by integrin alpha 1 and discoidin
domain receptor 2: a protein kinase C-dependent pathway.
Rheumatology (Oxford) 2011;50:463e72.
20. Xu L, Polur I, Servais JM, Hsieh S, Lee PL, Goldring MB, et al.
Intact pericellular matrix of articular cartilage is required for
unactivated discoidin domain receptor 2 in the mouse model.
Am J Pathol 2011;179:1338e46.
21. Bekkers JE, Saris DB, Tsuchida AI, van Rijen MH, Dhert WJ,
Creemers LB. Chondrogenic potential of articular chondrocytes
depends on their original location. Tissue Eng Part A 2014;20:
663e71.
L.A. Vonk et al. / Osteoarthritis and Cartilage 22 (2014) 1910e1917 191722. Poole CA, Matsuoka A, Schoﬁeld JR. Chondrons from articular
cartilage. III. Morphologic changes in the cellular microenvi-
ronment of chondrons isolated from osteoarthritic cartilage.
Arthritis Rheum 1991;34:22e35.
23. Poole CA. Articular cartilage chondrons: form, function and
failure. J Anat 1997;191:1e13.
24. Lee GM, Paul TA, Slabaugh M, Kelley SS. The incidence of
enlarged chondrons in normal and osteoarthritic human
cartilage and their relative matrix density. Osteoarthritis
Cartilage 2000;8:44e52.
25. Polur I, Lee PL, Servais JM, Xu L, Li Y. Role of HTRA1, a serine
protease, in the progression of articular cartilage degeneration.
Histol Histopathol 2010;25:599e608.
26. Vincent TL. Targeting mechanotransduction pathways in
osteoarthritis: a focus on the pericellular matrix. Curr Opin
Pharmacol 2013;13:449e54.
27. Marijnissen AC, van Roermund PM, TeKoppele JM, Bijlsma JW,
Lafeber FP. The canine ‘groove’ model, compared with the
ACLT model of osteoarthritis. Osteoarthritis Cartilage 2002;10:
145e55.
28. Marijnissen AC, van Roermund PM, Verzijl N, TeKoppele JM,
Bijlsma JW, Lafeber FP. Steady progression of osteoarthritic
features in the canine groove model. Osteoarthritis Cartilage
2002;10:282e9.
29. Mastbergen SC, Marijnissen AC, Vianen ME, van
Roermund PM, Bijlsma JW, Lafeber FP. The canine ‘groove’
model of osteoarthritis is more than simply the expression of
surgically applied damage. Osteoarthritis Cartilage 2006;14:
39e46.
30. Rosenberg L. Chemical basis for the histological use of safranin
O in the study of articular cartilage. J Bone Joint Surg Am
1971;53:69e82.
31. Little CB, Smith MM, Cake MA, Read RA, Murphy MJ, Barry FP.
The OARSI histopathology initiative e recommendations for
histological assessments of osteoarthritis in sheep and goats.
Osteoarthritis Cartilage 2010;18(Suppl 3):S80e92.
32. Wiegant K, Beekhuizen M, Mastbergen SC, Barten-van
Rijbroek AD, Creemers LB, Saris DB, et al. Aetiology of experi-
mentally induced osteoarthritis of the knee; biomechanical or
biochemical factors? Osteoarthritis Cartilage 2012;20(Suppl
1):S131e2.
33. Lee GM, Poole CA, Kelley SS, Chang J, Caterson B. Isolated
chondrons: a viable alternative for studies of chondrocyte
metabolism in vitro. Osteoarthritis cartilage 1997;5:261e74.
34. Kandel RA, Boyle J, Gibson G, Cruz T, Speagle M. In vitro for-
mation of mineralized cartilaginous tissue by articular chon-
drocytes. In Vitro Cell Dev Biol Anim 1997;33:174e81.35. Yang KG, Saris DB, Geuze RE, Helm YJ, Rijen MH, Verbout AJ,
et al. Impact of expansion and redifferentiation conditions on
chondrogenic capacity of cultured chondrocytes. Tissue Eng
2006;12:2435e47.
36. Farndale RW, Buttle DJ, Barrett AJ. Improved quantitation and
discrimination of sulphated glycosaminoglycans by use of
dimethylmethylene blue. Biochim Biophys Acta 1986;883:
173e7.
37. Creemers LB, Jansen DC, van Veen-Reurings A, van den Bos T,
Everts V. Microassay for the assessment of low levels of hy-
droxyproline. Biotechniques 1997;22:656e8.
38. Saris DB, Dhert WJ, Verbout AJ. Joint homeostasis. The
discrepancy between old and fresh defects in cartilage repair.
J Bone Joint Surg Br 2003;85:1067e76.
39. Grodzinsky AJ, Levenston ME, Jin M, Frank EH. Cartilage tissue
remodeling in response to mechanical forces. Annu Rev Bio-
med Eng 2000;2:691e713.
40. Palmoski MJ, Brandt KD. Effects of static and cyclic compres-
sive loading on articular cartilage plugs in vitro. Arthritis
Rheum 1984;27:675e81.
41. Patwari P, Cook MN, DiMicco MA, Blake SM, James IE, Kumar S,
et al. Proteoglycan degradation after injurious compression of
bovine and human articular cartilage in vitro: interaction with
exogenous cytokines. Arthritis Rheum 2003;48:1292e301.
42. Taylor WR, Poepplau BM, Koning C, Ehrig RM, Zachow S,
Duda GN, et al. The medial-lateral force distribution in the
ovine stiﬂe joint during walking. J Orthop Res 2011;29:
567e71.
43. Eckstein F, Hudelmaier M, Putz R. The effects of exercise on
human articular cartilage. J Anat 2006;208:491e512.
44. Kersting UG, Stubendorff JJ, Schmidt MC, Bruggemann GP.
Changes in knee cartilage volume and serum comp concen-
tration after running exercise. Osteoarthritis Cartilage
2005;13:925e34.
45. Marlovits S, Zeller P, Singer P, Resinger C, Vecsei V. Cartilage
repair: generations of autologous chondrocyte transplantation.
Eur J Radiol 2006;57:24e31.
46. Giovannini S, Diaz-Romero J, Aigner T, Heini P, Mainil-Varlet P,
Nesic D. Micromass co-culture of human articular chon-
drocytes and human bone marrow mesenchymal stem cells to
investigate stable neocartilage tissue formation in vitro. Eur
Cell Mater 2010;20:245e59.
47. Bekkers JE, Tsuchida AI, van Rijen MH, Vonk LA, Dhert WJ,
Creemers LB, et al. Single-stage cell-based cartilage regenera-
tion using a combination of chondrons and mesenchymal
stromal cells: comparison with microfracture. Am J Sports Med
2013;41:2158e66.
